Large scale ab initio calculations for the radiative data of Fe II have been carried out in the close coupling (cc) approbation employing the it-matrix method and a target state expansion consisting of 83 LS terms of Fe III. All bound states of Fe II with n ≤ 10 and l ≤ 7are considered. The results include 1301 bound states in LS coupling, oscillator strengths for 35 941 transitions among the bound LS states, and detailed photoionization cross sections for all bound states. Autoionizing resonances, as well as the coupling to excited core states, enhance the photoionization cross sections substantially. The calculations of oscillator strengths have been extended beyond the requirement of the Opacity Project to include a large number of fine structure transitions in Fe II, using an algebraic transformation of the LS coupled line strength and the observed energies. The present ƒvalues compare favourably with available experimental values and the calculations by Kurucz. However, the present results differ considerably from earlier 16-state R-matrix calculations and the new radiative data yield Rosseland mean opacities that are 50% higher. Some special features in the monochromatic opacity spectra of Fe II are also noted.
Introduction
Under the auspices of the Opacity Project (OP; Seaton 1987 ) ab initio calculations for accurate atomic radiative data for essentially all astrophysically abundant atoms and ions have been carried out by international collaborators, as reported in previous papers in this ADOC (Atomic Data for Opacity Calculations) series. The present work involves large scale computations for Fe II in the close coupling approximation, employing the R-matrix method as adapted for the OP. With many closely spaced energy levels, Fe II is a complex atomic system of 25 electrons where the electron correlation effects play a very important role. Recently Sawey and Berrington (1992) have reported R-matrix calculations for a few iron ions. Their Fe II calculations employed a close coupling (cc) expansion including only the states dominated by the 3d 6 ground configurations of the residual ion or the 'target' ion Fe III. As we show in the present, much more extended work, it is necessary to also include a large number of additional terms in the eigenfunction expansion, dominated especially by the excited 3d 5 4s and the 3d 5 4p configurations, in order to obtain accurate radiative parameters. The aim of the present R-matrix close coupling calculations of Fe II is to take into account all the important states of Fe II in the wavefunction expansion and obtain more accurate radiative data for energy levels, oscillator strengths and photoionization cross sections. The importance of such calculations and a summary of theoretical details can be obtained in the first two papers of the ADOC series (Seaton 1987 , Berrington et al 1987 . In an earlier brief report (Le Dourneuf et al 1993) , we reported the first detailed calculation, with autoionizing resonances and channel coupling effects, for the photoionization of the states with the ground state symmetry 6 D. The present report is a complete account of the comprehensive calculations including 90 total Fe II symmetries, and photoionization of all bound states up to n ≤ 10 and l ≤ 7and oscillator strengths of all possible bound-bound transitions among the 1301 computed states.
In addition to the extensive LS coupling calculations for the OP calculations, we also obtain fine structure oscillator strengths for Fe II through an algebraic transformation of the LS multiple line strengths and using observed spectroscopic energies. Most of the resulting fine structure ƒ-values compare favourably with available experimental data, and rather better than those calculated by Kurucz (1981) using semi-empirical methods †. At present the data set by Kurucz is the only available source of Fe II f-values for most applications where a large number of transitions need to be considered. The present approach yields ƒ-values for all transitions between the fine structure components of the dipole allowed LS multiplets, given the observed energies of the individual components. Thus a reasonably complete data set for the large number of Fe II ƒ-values is obtained.
Target states
Following the convention of collision theory, we refer to the ion in the e + ion system as the 'target' ion (also, as the 'core' or the 'residual' ion following photoionization). The importance of accurate target representation in cc calculations is to be emphasized as the necessary first step. For the cc calculations for Fe II we obtain the target eigenfunctions for Fe III using the SUPERSTRUCTURE program by Eissner et al (1974) based on a scaled Thomas-Fermi-Dirac potential and configuration interaction (CI) wave-functions. Given the number of states needed in the calculations, the atomic structure calculations are rather complicated since proper account needs to be taken of the CI effects, while the total number of configurations must be kept small to minimize, as much as possible, the memory of the CPU requirements. The task was found to be particularly difficult and time consuming for Fe III due to the large number of target states considered. The principal configurations (i.e. whose terms are explicitly included in the CC expansion) are: 3d 6 , 3d 5 4s and 3d 5 4p. It might be noted here that it is the dipole core transitions between the even and the odd parity configurations that give rise to the well known photoexcitation-of-core (PEC) resonances in photoionization cross sections (Yu and Seaton 1987, Nahar and Pradhan 1991) . The PEC resonances were not considered in the earlier work by Sawey and Berrington (1992) since the excited configurations were not included. As the 3d shell plays the dominant role in electron correlation, the correlation configurations are constructed mainly with respect to variations in the 3d orbital and excitations involving the 3d electrons. In addition, important improvements in the accuracy of the Fe III energies and oscillator strengths were achieved by introducing a correlation configuration with the 4d orbital (which increased the optimization time considerably). The final configuration list and the †ƒ-values given in this paper correspond to the most recent gf values calculated by him which were obtained from him by private communication.
Thomas-Fermi scaling parameters λ nl are given in table 1. The choice of the target states actually included in the cc calculations was somewhat independent of the target optimization since all 136 LS terms dominated by the three principal configurations, 3d 6, 3d 5 4s and 3d 5 4p, are well represented with the choice of the target in table 1. We include up to 83 terms in the present Fe II calculations. In particular we include all odd parity terms dominated by 3d 5 4p that are linked via dipole transitions to the ground state 5 D to take account of strong PEC resonances in the photoionization cross sections. Table 1 compares the energies of the 83 terms of Fe III with the observed values (Sugar and Corliss 1985, Moore 1952) . It may be noted that three calculated singlet terms: 3d 6 ( 1 D, 1 S), 3d 5 2 S4s 1 S, have not been observed. Comparison of the calculated target energies with the observed energies shows agreement within 10% for most of the states, the largest discrepancy being about 18% for the 3d 6 1 I state.
Over 300 dipole oscillator strengths were obtained from SUPERSTRUCTURE for the LS target states dominated by the 3d 6, 3d 5 4s and 3d 5 4p configurations. These oscillator strengths show agreement between the length and the velocity forms within 15% for most of the transitions in Fe III, further confirming the overall accuracy of the large set of the target eigenfunctions.
In table 1, the notations O, S, Q and D in the target state column specify that the corresponding Fe III state couples to octet, sextet, quartet or doublet symmetry of the e + ion system, SLπ, of Fe II respectively. Thus there are 2 O, 21 S, 58 Q and 62 D such terms of Fe III that are in the target expansion for radiative calculations of octet, sextet, quartet and doublet states of Fe II. In table 1, the number next to each notation of O, S, Q and D is the energy degeneracy number for that state. This will be explained in the following section.
Computations and calculations for the radiative data
As in the case of all OP work, the present computations have been carried out in LS coupling, that is, relativistic effects are not taken into account. Since Fe II is a singly charged ion, it has been assumed that LS coupling would provide a good approximation for the radiative data. All bound states, denoted as S t L t nl, where S t L t is a target state, and n ≤ 10 and l ≤ 7are considered for the radiative data.
Each excited target state S t L t of the ion is the series limit for the Rydberg series S t L t vl of the (N + 1) electron system, where v is the effective quantum number of the (N+1)th electron. These are pure bound states if they lie below the first ionization threshold, but those that lie above the first ionization threshold are usually quasibound states and manifest themselves through autoionizing resonances in the photoionization cross sections (some states above the first ionization threshold may be pure bound states in LS coupling if they are forbidden to autoionize into the corresponding continua). These Rydberg resonances repeat the pattern for each increment of v. As v increases, the resonances get narrower and numerical resolution becomes difficult. To obviate the problem, we employ a constant mesh in v, for each interval v and v + 1, to fully delineate the Rydberg resonances up to v = 10 with a mesh interval of Δv=0.01. The region 10 < v ≤ ∞ that we term as the QDT region, corresponds to a small energy region which is treated through quantum defect theory (QDT) using the Gailitis averaging method (e.g. Nahar and Pradhan 1991) .
For closely spaced target states, as in the case of Fe III, the QDT region of different target states may overlap. Such target states with overlapping QDT regions are treated Table 1 . Calculated (cal) term energies of Fe III (configurations 3d 4, 3d 5 4s and 3d 5 4p) and comparison with the observed (obs) energies. The energies, in Ry, are relative to the 3d 65 D ground state. The three states, 3d 5 4s 'S, 3d 6 'D and 3d 6 'S, are unobserved. The notation O, S, Q and D in the target state column specifies the coupling to the octet, sextet, quartet and doublet symmetries of Fe II respectively, The number next to them represents the degeneracy index (see text). The spectroscopic and correlation configurations for Fe III and the values of scaling parameter λ nl for each orbital in the Thomas-Fermi potential are also given. Fe III configurations: Spectroscopic: 1s 2 2s 2 2p 6 3s 2 3p 6 3d 6, 1s 2 2s 2 2p 6 3s 2 3p 6 3d 5 4s, 1s 2 2s 2 2p 6 3s 2 3p 6 3d 5 4p Correlation: 1s 2 2s 2 2p 6 3s 2 3p 4 3d 8 , 1s 2 2s 2 2p 6 3p 6 3d 8 , 1s 2 2s 2 2p 6 3s3p 6 3d 7 , 1s 2 2s 2 2p 6 3s3p 5 3d 8 , 1s 2 2s 2 2p 6 3s 2 3p 6 3d 5 4d λ nl : 1.1 (1s) 1.1 (2s), 1.1 (2p), 1.095 (3s), 1.091 (3p), 1.0341 (3d) 1.04351 (4s) 1.044 66 (4p), 1.278 65 (4d) as degenerate in the present radiative calculations. We expect little consequent loss of accuracy since most of these states lie fairly high in energy. In table 1, the number of such terms that are treated degenerate is given next to the notation O, S, Q and D, mentioned earlier.
Following the R-matrix calculations for the e + Fe III system, we first obtain the energy levels of Fe II for all SLπ symmetries considered. For complex atoms and ions isoelectronic with the third and the fourth row elements, it is a non-trivial task to identify all the computed levels and a careful analysis is required based partly on a study of quantum defects along overlapping Rydberg series, and partly on the contributions of the closed channel wavefunctions, in the region outside the R-matrix boundary, to the total bound state. Nearly all Fe II states have been unambiguously identified. It might be noted that for the calculation of opacities the level identification problem is not consequential. However, we strive to attain precise LS term designations in order to facilitate other applications of the present data, particularly in the important extension of the OP work to obtain ƒ-values for fine structure components within LS mutiplets.
The work on Fe II was carried out on the 8 processor 64 MW Cray Y-MP at the Ohio Supercomputer Center, Columbus, Ohio. Table 2 shows the total CPU time required for the radiative calculations for octet, sextet, quartet and doublet symmetries, and the maximum memory needed for the R-matrix close coupling calculations with 83 state expansion for Fe II. It required up to 20 MW of memory for the largest SLπs and a total of about 450 CPU hours. Work was divided according to different symmetries, and the table shows the number of target states coupled to each SLπ and used as the target set of eigenfunctions for radiative calculations for that particular symmetry. For the largest of the quartet and doublet symmetries, the R-matrix calculations could be carried out for onlv one SLπ at a time. Table 2 . Summary of the radiative calculations for Fe II : NCC is the number of target states coupled to a particular spin symmetry of Fe II, CPU is the amount of time required for that symmetry. Maximum memory requirement and disk space for a typical quartet or doublet symmetry run are given below. N SLπ the total number of bound symmetries, SLπ shows the range of these symmetries and N E T is the corresponding number of bonnd states up to n ≤ 10, l ≤ 7. N bnd is the number of bound states below the first ionization threshold, N ƒ is the number of oscillator strengths. The largest case is SLπ=2G with 181 continuum channels and the hamiltonian matrix size of 2228. Memory and disk space range requirements: RAM: 20 MW, disk: 3.5-4 GB.
Results and discussions
Three sets of data are calculated: (a) energy levels, (b) oscillator strengths and (c) photoionization cross sections; these are discussed below with selected examples.
Energy levels
We obtain 1301 LS bound state and identify 743 states that lie below the first ionization threshold of Fe II, i.e. below the 3d 6 ( 5 D) ground state of Fe III. In addition, a few bound states are obtained that lie above the ionization threshold but are forbidden to autoionize in LS coupling. The number of bound states that have been identified are more than twice the number that have been reportedly observed. Table 2 gives a summary of the number of bound state symmetries SLπ, their total L and S value ranges, and the corresponding number of bound states computed for each SLπ. All of the observed LS terms, 266 in total, have been calculated and identified. This could not have been possible with the earlier 16-cc R-matrix calculations (Savvey and Berrington 1992) because several of the observed states couple to terms dominated by excited configurations 3d 5 4s and 3d 5 4p of Fe III which are not included in the earlier work. The present calculated energy for the 3d 6 4s( 6 D) ground state of Fe II differs by 0.6% from the observed value, compared to a 7% discrepancy in the previous calculation.
In table 3 we compare the calculated and observed energies. The latter set includes recent measurements from the Lund group (Johansson 1992) ; the LS energies have been computed as the statistically weighted average over the fine structure components. In a small number of cases the set of observed fine structure levels is incomplete; such states are marked with asterisks. Comparison shows that most of the calculated LS term energies are within 10% of the observed ones, yet many do show larger differences of up to 10-30%. Exclusion of relativistic effects is probably the prime contributor to the discrepancies. While the relativistic calculations are planned, as part of a new project on the iron-peak elements (the Iron Project), using Breit-Pauli R-matrix method, it is estimated that the ab initio fine structure calculations may require an order of magnitude more resources and effort even over the present one.
Oscillator strengths
Dipole oscillator strengths (ƒ-values) for approximately 36 000 transitions among the 1301 calculated bound states of Fe II are obtained in LS coupling. Over 19 000 of these transitions are between bound states which lie below the first ionization threshold. For opacity calculations we also include transitions of bound states when the lower state lies below the first ionization threshold and the upper state lies above; since the latter do not appear as resonances in the photoionization cross sections in LS coupling but the corresponding oscillator strength does contribute to total photoabsorption. Table 2 lists the number of oscillator strengths obtained for each spin symmetry and all corresponding total angular momenta L. Each oscillator strength in LS coupling corresponds to a number of transitions, when we consider the fine structure, resulting in over 100 000 individual ƒ-values. These calculations are discussed below.
As an enormous amount of data have been computed, one of the primary aims of this report is to attempt to establish the uncertainties involved relative to available experimental data and previous theoretical calculations. Table 4(a) presents selected comparisons with other results found in literature. The present oscillator strengths are obtained from the calculated line strength (s),and the observed energies, according to the relation, S= (3g r /E ƒi )ƒ if . Of the two sets of columns for transition of states in the table, the first set of columns compares the present results with both the measured values compiled by NIST (Fuhr et al 1988) and the calculated ones by Kurucz (1981) , and the second set of columns with those of Kurucz. NIST has compiled and evaluated all the available measured and some theoretical values for the oscillator strengths. The column listing the NIST ƒ-values for dipole allowed transitions in LS coupling are averaged over the fine structure transitions for most cases. Kurucz obtained the ƒ-values using semi-empirical atomic structure calculations including some relativistic effects (his ƒ-values quoted in table 4(a) are statistically averaged over the fine structure).
For most cases the present values agree within 10% with those by Kurucz. Overall we find that the present LS multiplet oscillator strengths are in somewhat better agreement with the experimental values than those of Kurucz for most transitions (this is also true of the fine structure ƒ-values discussed in the next section). (Johansson 1992) . The comparison needs to be viewed in light of the following: while the present calculations do not explicitly account for the relativistic effects, some allowance is made by using observed energies to obtain the ƒ-values with improved accuracy. The electron correlation effects should be better represented in the present work, based on ab initio close coupling calculations, than the semi-empirical method of Kurucz involving fitting of parameters to observed energy levels. For most transitions therefore the present data for Fe II obtained in this manner should be at least as accurate as currently available values. The present results provide an alternative dataset for a large number of oscillator strengths for Fe II, although it is difficult to state the uncertainties precisely. The LS coupling ƒ-values given in table 4(a) provide an overall indication of the accuracy of the total multiplet strengths in the total dataset, In table 4(b) we further extend the comparisons to the fine structure components, obtained through algebraic transformation (Alien 1976) as described earlier. Only selected oscillator strengths are presented for which a complete or almost complete set of fine structure oscillator strengths is available. There are a few measured values of Fe II that are with low uncertainty, rated B or <10%. However, most of them are rated with a 50% uncertainty (D in the NIST compilation). The measured R-values of the fine structure transitions of an LS multiplet usually do not correspond to the same experiment, rather to more than one experimental source. Among all the transitions, one complete set that has been rated with 10% uncertainty is a 6 D e → z 6 D o . For this particular multiplet, the component fine structure transitions show about same level of agreement between the present values and the measured ones, as between the Kurucz values and the experimental values. However, overall comparison shows that the present values agree better with the measured values than the Kurucz data set. All the transitions listed in the NIST compilation have been compared, and this provides more detailed information on the uncertainties than the comparison of total LS multiplets. (The wavelengths given in table 4(b) are approximate.)
Another interesting comparison may be made between the calculated and observed lifetimes. We calculate the lifetime of a state based on all allowed transitions from the given state, i.e., τ j =[ΣA Ji ] -1 where A ji =a 3 g i /g j E 2 j i ƒ ij /τ 0 is the transition probability in s -1 , ƒ ij is the oscillator strength, τ 0 is the unit of time, and the sum is over all lower i-states that are connected by dipole allowed transitions from the upper state j. The lifetimes are calculated using the present fine structure ƒ-values. Table 4(c) presents the calculated lifetimes and compares with the available measured values, and those from Kurucz. It should be noted that the Kurucz calculations involve forbidden transitions, and hence the lifetimes include both the dipole allowed and forbidden transitions; however the latter contribution is expected to be small for most levels under consideration. Present lifetimes of the fine structure levels of z 6 P o agree well with the recent measured values of Hannaford et at (3992) and Guo et al (1992) , whereas those of Schade et al (1988) are lower than the present values and other measured values. Values obtained by Kurucz are also lower than the present ones in a similar manner. For other states, the agreement between the present values and the experimental ones is better than that of Kurucz. The present values are in general within 5-10% of the experimental values.
Photoionization cross sections
Photoionization cross sections, including the detailed autoionizing resonances, are calculated for all bound states which include the 743 bound states of Fe II that lie below the first ionization threshold. Selected examples of the cross sections are presented. Figure 1 shows the photoionization cross sections of the 3d 5 4s 6 D ground state of Fe II. As discussed by LeDourneuf et al (1993) the present ground state cross sections are about two orders of magnitude higher than the earlier calculations (Sawey and Berrington 1992) which included only the ground state of Fe III in the target expansion, whereas the dominant contribution stems from the photoionization of the 3d shell i.e. through coupling to the excited 3d 5 4s state of Fe III. Figure 2 (a) shows the photoionization cross sections of the lowest three quartet states, 3d 7 ( 4 F), 3d 6 4s( 4 D) and 3d 7 ( 4 P). These metastable states are likely to be of considerable importance in astrophysical plasmas as one expects these to be in local thermodynamic equilibrium (LTE) even at fairly low densities owing to small radiative decay rates. Thus there may be significant populations in the low-lying metastable states, Figure 1 . Photoionization cross section of the 3d 5 4s 6 D ground state of Fe II using 83-CC expansion. The dotted curve corresponds to earlier 16-CC calculations (Sawey and Berrington 1992) ; also shown are the central field cross sections in circles (Reilman and Manson 1979). comparable to the ground state, in accordance with respective statistical weights. Photoionization models therefore need to consider not only ground state photoionization but also that of at least these three states (other states lie significantly higher and would be relatively less important). Figure 2(b) presents the photoionization cross sections of the three lowest doublet states of Fe II. Extensive resonances can be seen to dominate the metastable states 3d 7 4 P and 3d 7 2 P for the entire energy range up to the highest target threshold, and resulting in large variations in the background cross sections. Though the background cross sections smooth out at higher energies due to weaker coupling to high target states, all 3d 7 states and 3d64s 4 D show significant variations in the cross sections in the near threshold region due to resonances. Figure 3 presents photoionization cross sections of two octet states, 3d 5 4s 7 S5s 8 S and the equivalent electron state 3d 5 4p 2 8 P. Both states show the presence of a large resonance at the threshold, and the repetition of resonance patterns converging on to the 7 P o target state. The octet state photoionization cross sections have been obtained for the first time. These resonances appear to be better resolved at higher excited states since the Rydberg resonances are usually weaker. The phenomenon of PEC resonances contradicts the usual assumptions of smooth hydrogenic behaviour of excited state photoionization cross sections, which may in fact be quite non-hydrogenic owing to the PEC features. It should be noted that even though there are more quintet states of Fe III in table 1 that are accessible through dipole transitions from the ground state, the figure shows only four since we treat several excited states to be degenerate as explained in section 3 and specified in the target states column of table 1.
Monochromatic opacities
The primary goal of the Opacity project is to calculate stellar opacities. Thus it is of some interest to examine the contribution to the opacities of a large calculation such as for Fe II reported herein. The total monochromatic opacity K V is obtained on summing the contributions from all of the radiative processes such as bound-bound transitions, bound-free transitions, Thomson scattering, and free-free transitions (the former two are the main contributors). The theoretical steps involved in the opacities calculations are summarized by Seaton (1987) . The contribution to the monochromatic opacity from a bound-bound transition is obtained as where N 1 , is the number density of the ion, and Φ v is a profile factor normalized to ∫ Φ v d v = 1; and that of a bound-free transition is Where Ơ PI is the photoionization cross section. In terms of the monochromatic opacities, the flow of radiation through a plasma is governed by the Rosseland mean defined as where The Rosseland mean is the weighted harmonic mean of the monochromatic opacities and K R is the Rosseland mean opacity. We have carried out separate calculations for the monochromatic and the mean opacities (using the OP code OPAC by Y Yu), for the single ion Fe II, with the new R-matrix data for the bound-bound and bound-free transitions from this work, and with the earlier R -matrix data of Sawey and Berrington (1992) . At a temperature of 16 000 K and a density of 10 16 cm -3 , we obtain values of K R to be 185 and 120 respectively, with the new and old data, resulting in an increase of over 50%. The detailed monochromatic opacity spectrum of Fe II, with the two data sets, is shown in figure 5 . In particular we note the rather large gap in the spectrum in the earlier data (bottom panel) around u = 3.5 (5 eV), which has been filled in to a large extent by the new Fe II data (top panel). The Rosseland mean opacity, being a harmonic mean over the monochromatic opacities, is very sensitive to gaps or holes in the detailed spectrum, at low values of hv/kT (equation (1)), and the feature in figure 5 is a significant contributor to the enhanced opacity. Also, in the high energy region, present opacities exhibit a rising trend and are more enhanced than those obtained using the earlier data.
Conclusion
Extensive radiative calculations for Fe II are described and it is expected that the new data will be applicable to a variety of astrophysical applications, in addition to the original aim of the calculations of accurate plasma opacities. The LS multiplet and fine structure oscillator strengths are compared with the available data and shown to be generally more accurate than other previous theoretical calculations (although there may be significant uncertainties for the weaker transitions). Most of the detailed photoionization data have been calculated for the first time. These are perhaps the largest close-coupling calculations carried out to date; yet we estimate that future relativistic calculations will be upto an order of magnitude more expensive in terms of computing resources and may not be feasible without massively parallel machines.
